Background: Primary defects in host immune responses have been hypothesised to contribute towards an inability of subjects with cystic fibrosis (CF) to effectively clear pulmonary infections. Innate T-lymphocytes provide rapid pathogenspecific responses prior to the development of classical MHC class I and II restricted T-cell responses and are essential to the initial control of pulmonary infection. We aimed to examine the relationship between peripheral blood lymphocyte phenotype and clinical outcomes in adults with CF.
Introduction
Cystic fibrosis (CF) pulmonary disease is typified by a vicious cycle of bacterial infection and exuberant, but ineffective host immune response [1] . The inability of the intense inflammatory response to clear infection has led to speculation that intrinsic immune defects may contribute to the persistence of pathogens in CF [2] . At the level of the airway lumen, the cellular immune response is dominated by activated neutrophils. However, in contrast, airway epithelial biopsies demonstrate a profound T lymphocyte (T-cell) infiltrate, supporting an important role for adaptive immune responses in the orchestration of a sustained inflammatory response [3] .
To date, studies of peripheral, adaptive immune responses in CF have largely focused on the classic dichotomy of T-helper (Th)-1 and Th-2 responses [4] . These early studies suggested a skew towards a Th2 in most CF subjects with P. aeruginosa infection, which resulted in increased pulmonary inflammation and disease progression [4] [5] [6] . The activation of the ''classical'' adaptive immune response involves antigen recognition, followed by T-cell recruitment and clonal expansion at the site of infection. Consequently, there is a time lag between the host's recognition of the presence of a pathogen and the development of an effective, adaptive immune response. In recent times, an increasing number of unconventional ''innate'' T-cell populations have been described (including c/d, semi-invariant natural killer (iNKT) and M3-restricted T-cells), which are capable of mounting a more immediate response to pathogens than was previously thought possible. Mucosal associated invariant T (MAIT) cells are a recently described sub-class of innate T-cells, which can be differentiated from other T-cells by the presence of an evolutionary conserved T-cell receptor (TCR) (Va7.22Ja33). MAIT cells recognise bacterial and fungal metabolites presented on the major histocompatibility complex (MHC) related protein-1 (MR1) (including the common CF pathogens Pseudomonas aeruginosa and Staphylococcus aureus), but not viruses [7, 8] . These ''innate'' T-cell populations provide rapid pathogen-specific responses prior to the development of classical MHC class I and II restricted T-cell responses and importantly may also provide a sustained cytokine response in chronic infection [9, 10] .
To date, there is limited knowledge of how changes in circulating lymphocyte populations may relate to pulmonary infection in CF [11] . In this study we performed extensive phenotyping of peripheral blood mononuclear cell populations (PBMCs) obtained from subjects with CF and compared these profiles to those in healthy, age matched, controls. Our particular focus was on the correlation of c/d and MAIT innate T-cell values with clinical and microbiological parameters.
Methods

Participants and sample collection
Forty-one subjects with CF attending the Adult CF Centre, The Prince Charles Hospital, Queensland, Australia and 22 agematched, non-smoking, healthy control subjects each supplied a single venous blood sample.
In subjects with CF, total white cell count (WCC), C-reactive protein (CRP) and clinical demographics including, age, CF genotype, lung function, body mass index, pulmonary exacerbation frequency and pulmonary pathogens (based on standard sputum microbiological testing) were recorded. Longitudinal rate of decline in forced expiratory volume in one second (FEV 1 ) was determined in CF subjects by means of linear regression analysis (limited to subjects with at least five FEV 1 measurements recorded over a minimum surveillance period of 2 years).
To explore the effect of pulmonary exacerbations on lymphocyte concentrations a sub-set of 13 ''stable'' CF subjects (stable respiratory symptoms and a CRP ,5 mg L 21 at time of blood collection) were compared to eight CF subjects in whom blood was collected within 72 hours of admission to hospital for the intravenous antibiotic treatment of a ''pulmonary exacerbation'', defined as increased respiratory symptoms (cough, sputum volume or purulence, dyspnoea) ( Figure S1 in File S1).
Ethics approval was obtained from The Prince Charles Hospital, Queensland, Australia, Human Research and Ethics Committee (HREC/11/QPCH/36 and HREC2008:2885) and all subjects provided written, informed consent.
Separation and storage of peripheral blood mononuclear cells (PBMCs)
Twelve millilitres of venous blood was collected into lithium heparinised tubes and separated into plasma and cellular components. The cellular component was re-suspended in RPMI (Gibco)+2% heat inactivated Foetal Calf Serum (HiFCS) and PBMCs separated by means of Histopaque 1.077 (Sigma-Aldrich) density gradient separation, as per the manufacturer's protocol. 
CFTR Genotype
F508del Homozygotes 20
F508del Heterozygotes 18
Other mutations 3
Sputum Microbiology*
Pseudomonas aeruginosa 36
Staphylococcus aureus 12
Aspergillus fumigatus 5
Haemophilus influenzae 4
Stenotrophomonas maltophilia 3
Chryseobacterium indologenes 2
Scedosporium apiospermum 2
Mycobacterium intracellulare 1
Burkholderia gladioli 1
Achromobacter xylosoxidans 1
Methicillin resistant S. aureus 1 Data presented as median (interquartile range). *Summary data, subjects may have had more than one pathogen isolated in sputum, individual microbiological data available in Following separation, PBMCs were washed twice, re-suspended in RPMI and 15% dimethyl sulfoxide (DMSO), gradually frozen to 280uC and transferred to storage in liquid nitrogen for later batch analysis (concentration 5-20610 6 cells/ml).
Flow Cytometry
PBMCs were rewarmed and re-suspended by drop-wise addition of 10 ml of RPMI+2%HiFCS, washed twice and resuspended in phosphate buffered saline (PBS) with 1% HiFCS (FACS buffer). A cell count was performed and the volume adjusted to obtain a cell concentration of 10610 6 cells/ml.
One hundred micro-litre aliquots of cells were incubated with each of two antibody staining panels as follows:
Panel 1 [adapted from [12] ]: FITC anti-human CD16, Pacific Blue anti-human CD14, APC anti-human CD1c, Alexa Fluor700 anti-human CD3, APC/Cy7 anti-human HLA-DR, PE/Cy7 antihuman CD56, PE/Cy7 anti-human CD20, Anti-CD8 antibody -PE Texas (Abcam) and V500 anti-CD4 (BD biosciences) were added to 100 mL of cells and incubated in the dark for 15 minutes. Cells were washed twice in 1 ml of FACS buffer and fixation was performed by incubation with 500 ml of Cytofix (BD biosciences) for 10 minutes. Finally, samples were washed and suspended in 300 ml of FACS buffer. Table 2 . Comparison of lymphocyte sub-sets between CF and healthy control subjects. Table 3 . Lymphocyte sub-set phenotypes in CF subjects based on the presence of P. aeruginosa infection compared to healthy control subjects. Panel 2: Surface staining was performed by incubation with V500 anti-CD4, FITC anti-TCR Va7.2, PerCP/Cy5.5 anti-CD161, APC/Cy7 anti-CD3, PE anti-TCR c/d, PE Texas red Anti-CD8 for 15 minutes at room temperature in the dark. Cells were washed twice in 1 ml of FACS buffer, fixed and resuspended in 300 ml of buffer solution.
Unless stated otherwise, antibodies were obtained for Biolegend, San Diego. Antibody titration was performed to optimise antibody-cell concentration prior to testing.
Sample analysis was performed on a Fortessa IV flow cytometer (BD Biosciences). A lymphocyte gate was set based on forward and side scatter properties and a minimum of 50,000 gated events were capture for each sample.
MAIT cells were defined as CD3
. For subjects with CF, automated haemocytometer, absolute lymphocyte counts were obtained and T-cell sub-types were considered as both, absolute numbers of cells per mL of blood and percentage of the whole T-cell population.
Data analysis was performed using Flowjo version 7.6 (Treestar), representative gating plots are available in Figure S2 in File S1.
Statistical Analysis
Statistical analysis was performed using PASW, version 18 (SPSS Inc. Chicago IL, USA) and Graph-pad Prism, version 6. Between group differences in PBMC populations were examined using student's t-test or Mann-Whitney U test. Shapiro-Wilk test and q-q plots were used to determine normal distribution of continuous variables. Non-normally distributed continuous variables (WCC, CRP, MAIT cell absolute count and percentage, Bcell count, NKT-cell and NK-cell percentage) were natural logarithm transformed and Pearson's correlation used to determine relationships between variables. A p-value,0.05 was considered to represent statistical significance.
Results
The characteristics of subjects with CF and healthy controls are provided in Table 1 . Thirty-six of the 41 subjects with CF had chronic pulmonary infection with P. aeruginosa (either in isolation or in combination with another CF respiratory pathogen) on routine microbiological cultures. The remaining five subjects did not have P. aeruginosa infection on current, or previous sputum cultures (Table S1 in File S1 for complete sputum microbiological data).
A greater number of subjects in the pulmonary exacerbation group were male, these subjects were also older, with more severe lung disease, when compared to the stable subjects.
Comparison of lymphocyte sub-sets between groups, demonstrated a reduction in the percentage of MAIT cells in subjects with CF, compared to healthy controls (median 1.1% versus 2.0%, p = 0.002), with an accompanying increase in the percentage of c/d T-cells (median 10.4% versus 6.4%, p = 0.012). CF subjects also displayed reduced percentages of NK-cells (median 9.5% versus 13.1%, p = 0.013). The percentage of cells in all of the other major lymphocyte sub-sets was similar between groups (Table 2) .
Relationship between MAIT cells, microbiological and clinical parameters in subjects with CF
Absolute MAIT cell concentrations and the proportion of Tcells that were MAIT cells (MAIT cell percentage), in the five subjects without P. aeruginosa infection were significantly higher than in patients with chronic P. aeruginosa infection (Table 3 and Figure 1A ). MAIT cell percentages in subjects not infected with P. aeruginosa were similar to healthy controls subjects. No difference was seen in the MAIT cell percentage of subjects with a P. aeruginosa infection, based on their co-pathogen ( Figure S3 in File S1).
Absolute blood MAIT cell counts in the sub-group of stable CF subjects were higher, when compared to subjects sampled early in the course of treatment for a pulmonary exacerbation ( Figure 1B) . However, the MAIT cell percentage was similar between stable and pulmonary exacerbation subjects (Table 4) c/d T-cell percentage and absolute cell number were inversely correlated with CRP (r = 20.44, p = 0.008) and absolute c/d Tcell number was higher in stable CF subjects compared to subjects experiencing a pulmonary exacerbation ( Figure S4 in File S1).
There was no relationship between c/d T-cell counts or percentages and absolute WCC or profile of infection with P. aeruginosa (Table 3) .
Relationship between other lymphocyte sub-subset and clinical parameter
Absolute blood lymphocyte count was positively correlated with FEV 1 and FVC (litres and percentage predicted), however, no relationship was seen between absolute WCC and the percentage of the major lymphocyte sub-sets (T-cells, B-cells, NK-cells, CD3+/CD16+ cells) or lung function (Table S2 in File S1).
Total lymphocyte count was decreased in CF subjects being treated for a pulmonary exacerbation.
B-cell percentage was higher in subjects not infected with P. aeruginosa, compared to CF subjects with chronic P. aeruginosa infection and healthy controls. There was a trend towards lower Bcell percentages in CF subjects during a pulmonary exacerbation compared to stable CF patients ( Figure S5A and B in File S1).
Discussion
In this study we demonstrate for the first time that the peripheral blood of subjects with CF is characterized by a relative lymphopenia and major reductions in circulating MAIT cells and to a lesser extent an increase in c/d T-cells compared to normal healthy controls, consistent with both quantitative and qualitative differences in innate T-cell immunity in CF. Importantly, lung disease severity, systemic inflammation, clinical status and the presence or absence of chronic P. aeruginosa infection were all significantly related to the number of circulating MAIT cells in peripheral blood.
The reduction in absolute lymphocyte counts as lung disease severity increases in the current study is consistent with a single previous study of peripheral blood lymphocytes in children with CF [11] . Similar to this earlier study, a reduction in the percentage of NK-cells was also seen in subjects with CF, however, in contrast, no difference in the percentage of CD4+ T cells was seen and the percentages of other major lymphocyte subsets were similar between CF subjects and healthy control subjects [11] . NK-cells represent an innate, cytotoxic subset of lymphocyte which primarily respond to viral infections and tumour cells [14] . In addition, NK cells provide critical support to the eradication of bacterial pulmonary infection (including P. aeruginosa), principally through the generation of Th2 cytokines and IFN-c [15, 16] .
A higher percentage of B-cells was seen in CF subjects not infected with P. aeruginosa and a trend towards lower concentrations in subjects who were undergoing treatment for an acute pulmonary exacerbation. B-cells are critical for pulmonary protection against encapsulated bacteria and B-cells cultured in vitro respond to the mucoid exopolysaccharide of P. aeruginosa [17] . Further longitudinal studies are required to delineate the role of B-cells during acute pulmonary exacerbations and to determine whether changes in circulating numbers can be attributed to peripheral destruction, tissue sequestration or transformation to plasma cells.
The association between MAIT cells counts and P. aeruginosa infection, severe lung function impairment, increased systemic inflammation and acute pulmonary exacerbations in subjects with CF may suggest that MAIT cell deficiency is associated with susceptibility to pulmonary infection in CF. However, the subgroup of CF subjects undergoing a pulmonary exacerbation may have been biased towards a lower MAIT cell concentration, as more subjects in this sub-group were male and in general they had poorer baseline lung function [18] . Furthermore, these data are cross-sectional and do not inform on whether low MAIT cell numbers contribute to P. aeruginosa colonisation and disease progression, or whether low numbers simply reflect depletion of MAIT cells in the circulation, because of recruitment to the airway mucosa.
MAIT cells provide a pivotal link between the innate and adaptive immune responses. The semi-invariant T-cell receptor on MAIT cells recognises metabolite derivatives of pathogens (e.g. vitamin B (riboflavin and folic acid)) presented combined to MR-1 [19] . Activated MAIT cells produce high concentrations of proinflammatory interleukin (IL)-17 [20] , which invokes a potent cascade of cytokines and chemokines (e.g. IL-8 and G-CSF) that promote neutrophil migration into the airways. Interleukin-17 is involved in neutrophil recruitment in CF and high concentrations have been described in sputum and bronchoalveolar lavage fluid of subjects with CF infected with P. aeruginosa and also in those patients with severe disease [21] [22] [23] .
Mouse models demonstrate MAIT cell recruitment into the lungs at a very early stage of bacterial infection and sustained MAIT cell responsiveness during the late stages of infection contributes towards an ongoing cytokine response [10] . In mice with selective MAIT cell deficiency the immune response was ineffective in controlling pulmonary infection [10] .
Whilst we provide the first description of circulating MAIT cells in CF, understanding of the role of MAIT cells in human disease is limited. A reduction in the proportion of circulating MAIT cells has been reported in subjects with human immunodeficiency virus (HIV), Mycobacterium tuberculosis (MTB) and other severe pulmonary infections, and sepsis [7, 8, [24] [25] [26] . In HIV infection, blood MAIT cells concentrations decrease progressively from time of infection, however, MAIT cell density remains relatively preserved in rectal mucosa, suggesting possible preferential recruitment and thus loss from the circulating pool [27, 28] . Similarly, MTB reactive MAIT cells are enriched in lung lymph of healthy people when compared to matched blood samples [29] . Collectively, the results of these earlier studies and our current work suggest that although blood MAIT cell counts may not reflect tissue concentrations, they may still prove to be a useful, surrogate biomarker of the immune response within the lung [30] . We demonstrate a strong, inverse relationship between MAIT cell counts and CRP and the specificity of MAIT cell responsiveness to bacterial and fungal infections, offers the potential for improved specificity compared to CRP, which will respond to both viruses and non-infective sources of systemic inflammation [31] . Further mechanistic studies of MAIT cells in CF, including assessment in the actual airway will provide novel insights into their role in innate and adaptive immunity in the CF lung, including whether effective vaccines can be developed that boost MAIT cell function to allow eradication of key bacterial pathogens.
c/d T-cells represent a minor population of circulating T-cells, which has the capacity to expand rapidly in response to bacterial infection [32] . c/d T-and MAIT cells share many similarities; they both produce IL-17 and preferentially migrate to mucosal surfaces from the circulation [33] . In murine pulmonary infection models, c/d T-cells rapidly accumulate in the lung, in response to a range bacterial pathogens, where they facilitate the influx of neutrophils and subsequent bacterial clearance [32] . The small increase in the proportion of c/d T-cells in the blood of CF subjects in the current study is consistent with findings of a single previous study in CF [34] . However, the relationship between c/d T-cells and clinical parameters in CF subjects were only significant when absolute c/d T-cell concentrations were considered and these relationships may simply reflect changes in the absolute numbers of T-cells, rather than any implying any specific role for c/d T-cell in pathology.
Our current study has several limitations. Firstly, cross-sectional data collection, does not inform whether a causal relationships exists between lymphocytes subsets and clinical parameters.
Furthermore, the limited number of patients included in the analysis of stable disease versus pulmonary exacerbation, and inclusion of only five patients not infected with P. aeruginosa means type I statistical errors are possible. Longitudinal studies which collect blood samples from the same subject before and after the acquisition of P. aeruginosa, or during a pulmonary exacerbation and again during a period of stable disease are required. Finally, blood lymphocyte population may not reflect airway populations and studies which correlate lymphocyte concentrations in airway biopsies to those in the blood are anticipated.
Conclusion
In summary, we describe important differences in the proportions of circulating MAIT and c/d T-cell in adult patients with CF, compared to healthy control subjects. Reduced numbers of MAIT cells were associated with P. aeruginosa pulmonary infection and more severe lung disease. Our findings provide the impetus for future studies examining the utility of MAIT cells in immunotherapies and vaccine development, and longitudinal studies of MAIT cells as biomarkers of CF pulmonary infection.
Supporting Information
File S1 Tables S1, S2, and Figures S1-S5. Table S1 in File S1. Sputum microbiology of CF subjects. Table S2 in File S1. Relationship between White cell count and lymphocyte subsets, and C-reactive protein, body mass index and lung function. Figure  S1 in File S1 Flow diagram of subjects include in sub-group analysis. Figure S2 in File S1 Representative flow-cytometry gating plots. Figure S3 in File S1. MAIT cell percentage in CF subjects with Pseudomonas aeruginosa and a co-pathogen in sputum culture. Figure S4 in File S1. Comparison of c/d T-cell counts in stable subjects and subjects undergoing antibiotic treatment for a pulmonary exacerbation. Figure S5 
Author Contributions
Conceived and designed the experiments: DS DR GH SB. Performed the experiments: DS. Analyzed the data: DS. Contributed reagents/materials/ analysis tools: DS DR GH. Contributed to the writing of the manuscript: DS DR GH SB.
